The p53 tumor suppressor exerts a central role in protecting cells from oncogenic transformation. Accordingly, the p53 gene is mutated in a large number of human cancers. In mice, germ-line inactivation of p53 confers strong predisposition to development of different types of malignancies, but the early onset of thymic lymphomas in the majority of the animals prevents detailed studies of tumorigenesis in other tissues. Here, we use the Cre/Lox approach to inactivate p53 in mature B cells in mice (referred to as "CP" B cells) and find that such p53 inactivation results in the routine development of IgM-positive CP peripheral B-cell lymphomas. The CP lymphomas generally appear to arise, even in mice subjected to immunization protocols to activate germinal center reaction, from naive B cells that had not undergone immunoglobulin (Ig) heavy chain gene class switching or somatic hypermutation. In contrast to thymic lymphomas that arise in p53-deficient mice, which generally lack clonal translocations, nearly all analyzed CP B-cell tumors carried clonal translocations. However, in contrast to spontaneous translocations in other mouse B-cell tumor models, CP B-cell tumor translocations were not recurrent and did not involve Ig loci. Therefore, CP tumors might provide models for human lymphomas lacking Ig translocations, such as splenic marginal zone B-cell lymphoma or Waldenstrom macroglobulinemia. Our studies indicate that deletion of p53 is sufficient to trigger transformation of mature B cells and support the notion that p53 deficiency may allow accumulation of oncogenic translocations in B cells.
T he p53 tumor suppressor is a transcription factor that regulates a large array of genes involved in control of cell cycle and apoptosis (1, 2) . Transactivation-independent activities of p53 have also been described, ranging from transcriptional repression (3) to cytoplasmic and mitochondrial functions (2) . Levels of p53 protein are extremely low in normal conditions, but p53 becomes stabilized and activated by a variety of posttranslational modifications in cells subjected to different types of DNA damage as well as upon overexpression of oncogenes (1, 2) . As a result of p53 activation, cells carrying potentially harmful lesions, such as DNA double-strand breaks (DSBs) or mutations that activate oncogenes, initiate cell cycle arrest to repair the lesion or undergo programmed cell death. Germ-line p53 mutations in humans cause Li-Fraumeni syndrome, a familial condition characterized by early onset of different tumors (4, 5) . Moreover, the p53 gene is somatically mutated or deleted in a large number of human cancers, indicating that this tumor suppressor exerts its protective role against oncogenic transformation in multiple tissues (5) . Targeted disruption of the p53 gene in mice, however, results in a strong predisposition for early-onset thymic lymphomas (6) . A small percentage of germ-line p53-deficient mice succumb to B lineage lymphomas (7, 8) , but the short lifespan of these animal resulting from thymic lymphoma prevented more detailed studies of the effects of p53 deficiency in different stages of B-cell differentiation as well as in other tissues. By using the Cre/Lox approach in mice with p53-conditional alleles (6, 9) , several studies demonstrated that somatic inactivation of p53 is sufficient to promote tumor formation in some, but not all, tissues examined. Thus, for example, p53 deletion per se results in development of breast tumors (10) and osteosarcomas (11, 12) , whereas development of ovarian or prostate cancers requires simultaneous deletion of other tumor suppressors (13, 14) .
In humans, many B-and T-cell lymphomas are characterized by clonal translocations that usually juxtapose an oncogene to antigen receptor loci (15, 16) . Translocations in progenitors of lymphoid tumors involve on one partner programmed DSBs that are generated in the context of Ig gene assembly in B cells, and T-cell receptor (TCR) assembly in T cells. This process, called V(D)J recombination, takes place in early stages of B-and T-cell differentiation and is initiated by the RAG endonuclease, formed by the products of recombination activating gene (RAG)-1 and -2. RAG introduces DSBs at target V, D, and J segments in the Ig and TCR loci, which are then joined by the classical nonhomologous DNA end-joining pathway (C-NHEJ) (16, 17) . Upon antigen stimulation of mature B cells, the constant (C) region of the Ig heavy chain (IgH) molecule, which initially is encoded by the Cμ exons, can be exchanged to another heavy chain isotype, with different effector functions, by class switch recombination (CSR) (16, 17) . CSR is initiated by activation-induced cytidine deaminase (AID) activity, which leads to DSBs within large repetitive sequences (S regions) that flank each set of IgH C region exons with the breaks subsequently being joined by C-NHEJ or alternative end-joining (16, 17) . AID is also responsible for another Ig diversification process, somatic hypermutation (SHM), which introduces of mutations in the variable region exons, allowing the selection of B cells that produce Ig molecules with higher affinity for antigen (18, 19) . SHM takes place in specialized structures, called germinal centers (GCs) that organize in peripheral lymphoid organ following antigen encounter, whereas CSR can also occur outside of the GC reaction (20) .
Human B-cell lymphomas can originate at different stages of B-cell differentiation, as can be inferred by examining the pattern of Ig loci rearrangements. Many human B-cell lymphomas, such as follicular lymphomas or large B-cell lymphomas, are of GC or post-GC origin and accordingly carry switched and hypermutated IgH alleles (21) . These tumors routinely harbor translocations between IgH and oncogenes such as c-myc and Bcl6, with breakpoints that can be ascribed to aberrant CSR or SHM (16, 17) . Although true pre-GC lymphomas, such as mantle cell lymphoma, are relatively rare, other cases, including splenic marginal zone lymphoma (MZL) and Waldenstrom macroglobulinemia, derive from B cells that may have undergone SHM but not CSR and usually do not harbor IgH translocations (22) (23) (24) .
Despite the frequency of translocations involving antigen receptor loci in human lymphomas, T-cell tumors arising in germline p53-null animals harbor clonal translocations only in a minority of the cases. Moreover, the observed translocations are not recurrent and do not involve TCR loci (25) . When both p53 and C-NHEJ factors are deleted in the germ line or in B-lineage cells, mice invariably develop B-cell lymphomas with characteristic translocations between the IgH and the c-myc oncogene loci (16) , and p53 deficiency allows accumulation of IgH/c-myc translocations in normal B cells stimulated to undergo CSR (26) . To better characterize the role of p53 in B-cell lymphoma formation, given that the onset of these tumors is masked by the fast appearance of thymic lymphomas in p53-null mice, we conditionally inactivated the p53 gene in mature B cells by mean of the Cre/Lox approach.
Results
Mice with Mature B Cell-Specific Inactivation of p53 Develop B-Cell Lymphomas. To specifically delete the p53 gene in mature B cells, we bred a previously generated p53-floxed conditional allele (p53 F , Fig. 1A ) (9) into the CD21-Cre background (27) . Cre recombinase expression from the CD21 promoter takes place during differentiation from immature transitional B cells to mature B cells; accordingly, efficient p53 deletion was observed by Southern blotting in peripheral B cells (Fig. 1A) . CD21-Cre may become nonspecifically active in the germ line; therefore, we generated our experimental cohort by crossing CD21-Cre/p53 F/F males to p53
females. CD21-Cre/p53 F/F and CD21-Cre/p53 F/-offspring (collectively referred to as "CP," with the latter deriving from nonspecific Cre-mediated deletion of one floxed p53 allele) was monitored for tumor development. Because deficiency of the histone variant H2AX does not confer tumor susceptibility (28, 29) , we similarly generated a cohort of CD21-Cre/H2AX F/F or CD21-Cre/H2AX F/-mice (referred to as "CH") as controls. To promote immune responses, half of the mice in each cohort were immunized by injection of sheep RBCs, according to standard protocols (30) . No difference in overall survival and cause of death were observed between the nonimmunized and immunized groups (Table S1) ; therefore, results from the two groups are presented together. CP mice became moribund between 8 and 12 mo of age, whereas control CH mice usually lived up to 2 y of age (Fig. 1B) . About 50% of CP mice succumbed to B-cell lymphomas, which likely originated in the spleen (affected in 10/10 mice and usually greatly enlarged, Fig. 1C ). The tumor often involved peripheral lymph nodes (5/10 mice), and more rarely mesenteric lymph nodes (3/10 mice) and thymus (3/10 mice). Metastasis to the liver was observed in four animals. Development of B-cell lymphomas was more frequent in p53
F/-mice, because the latter were also susceptible to other types of cancers, likely from p53 heterozygosity (Table S1 ). Indeed, three CP mice of the p53 F/-genotype developed thymic lymphomas and sarcomas, which are typical in p53 heterozygous mice (31) . Mice 187 and 307 presented with normal spleens and tumor masses, which histologically were of mixed lymphoid and myeloid lineages; therefore, these two tumors were not analyzed further. In the CH cohort, only one mouse developed a B-cell lymphoma at 21 mo of age, and two mice died of ovarian tumors at more than 27 mo of age (Table S1 ).
CP B-Cell Lymphomas Are Surface IgM+ and of Pregerminal Center
Origin. Histopathologic studies of sections from CP tumor samples revealed a relatively complex picture. Tumor CP220 ( Fig.  2A , Upper Left) was characterized by a nodular growth pattern and a mixed centrocytic/centroblastic population typical of murine follicular lymphomas (32) . Other cases (tumors CP245 and CP569; Fig. 2A , Upper Right) showed histologic and cytologic features characteristic of murine splenic MZL (33) and were remarkably similar to MZL previously identified in mice with a conventional knockout of p53 (8) or an altered p53 exon 1 (34) . Some cases had a more diffuse and aggressive phenotype, characterized by high mitotic rates (tumors CP239 and CP301; Fig. 2A , Lower Left), larger cells (tumor CP166), or anaplastic cells (tumor CP277; Fig. 2A , Lower Right). Analysis of surface marker expression by flow cytometry revealed that CP lymphomas were invariably B220+/IgM+, with most of the tumors also being Igκ+. Tumor CP301 was the only IgM+/Igλ+ case (Fig. 2B) . These results suggest that CP B-cell lymphomas most likely originated from B cells that had not undergone CSR. Moreover, immunohistochemical analysis showed that a subset of the tumors were Bcl6-negative, consistent with a pre-GC origin (Table S2) .
To further characterize these p53-deficient B-cell tumors, we analyzed rearrangements at the IgH and Igκ loci in CP tumor DNA by Southern blotting. We first used probes hybridizing downstream of the J H region (JH 4-3 probe; Fig. 3A , Left) and of the J κ region (J κ probe; Fig. 3A , Right), and found that all samples contained distinct, rearranged bands (Fig. 3B) . These results indicated that the tumors are monoclonal with one or two non-germ-line bands (e.g., CP236, CP301) or oligoclonal with more than two non-germ-line bands (e.g., CP220, CP250) and usually originated from single cells that had undergone V(D)J recombination at both IgH and Igκ loci. We next examined the status of the Sμ region by using an Iμ probe from the J H to Cμ intron, which on an EcoRI digest recognizes a fragment that is not within the IgH V, D, or J segments and is not altered by V(D) J recombination (Fig. 3A, Left) . Sμ is the donor switch region for the vast majority of IgH CSR events; therefore, detection of a rearrangement with this probe would indicate that the cell of origin of the tumor had undergone CSR. All but one (CP246) of the analyzed CP tumor samples carried germ-line, unrearranged Sμ bands (Fig. 3C) , further confirming that they derive from cells that had not undergone CSR. We also analyzed SHM at the IgH locus by PCR amplification and sequencing of the region encompassing the intron between the intronic Eμ enhancer and the rearranged J H segment (Fig. 3D) . None of the lymphomas analyzed except CP246 had any mutations, consistent with the notion that they arose from naive pre-GC B cells (Fig. 3D) . B-cell lymphomas in humans and mice routinely harbor clonal translocations that involve Ig loci and different oncogenes, such as c-myc, Bcl2, or Bcl6 (16). To determine if this was also the case for CP lymphomas, we performed spectral karyotyping (SKY) on metaphase spreads from short-term tumor cell cultures. Most of the tumors showed variable degrees of aneuploidy, a characteristic associated with p53 deficiency (35) . All but one of the analyzed CP lymphomas carried multiple clonal translocations that were nonrecurrent, involving different chromosomes (chr) in each tumor analyzed (Fig. 4A and Table 1 ). Tumor CP569 harbored reciprocal T(14;2) and T(2; 10;9) . Two tumors also harbored complex translocations: tumor CP220 had a complex translocation involving chr 8, 14, and 12 in addition to a T(2;5) and a T(17;4), whereas tumor CP277 had a complex T(5;3;5) translocation in addition to clonal T (6;19), T(4;6) and frequent T(17;10), and T(X;3). Another tumor generated outside of the experimental cohort, tumor CP752, similarly carried multiple clonal translocations including T(10;6), T(9;1), T(15;16), T(14;1), and T(11;14). Only tumor CP246 lacked any translocations that could be identified by SKY. This was also the only tumor exhibiting SHM and it developed with a shorter latency than any of the other tumors (Table S1 ), suggesting it may represent a different tumor type than other CP tumors.
Mouse models deficient for p53 and C-NHEJ or DSBresponse factors usually carry translocations involving Ig loci (16) . The IgH locus lies on the telomeric portion of chr 12, whereas the Igκ and Igλ loci lie on chr 6 and 16, respectively. Tumor CP220 has a complex T(8;14;12) translocation. However, the chr 12 breakpoint did not involve the IgH locus, as demonstrated by FISH analysis with IgH-flanking probes (Fig. 4B , Left, and Fig. S1A) . Surprisingly, FISH analyses with probes flanking the TRCα/δ locus on chr 14 showed that the complex translocation in this B-cell tumor splits the 5′ and 3′ ends of the TCRα/δ locus, which normally rearranges during V(D)J recombination in pro-T cells. However, other translocations involving chr 14 in tumors CP569 and CP752 did not involve TCRα/δ (Fig. S1 C and D) . Tumors CP277 and CP752 had translocations involving chr 6 and tumor CP752 also had a chr 16 translocation. FISH analysis with probes flanking Igκ and Igλ showed that these loci were not involved in the translocations (Fig. 4B and Fig. S1 B and D) . Chr 6 also carries the TCRβ locus, which was not translocated in tumor CP752 but was partially duplicated in tumor CP277 (Fig. 4B and Fig. S1 B and D) . Together, these analyses indicated that CP tumors do not carry translocations involving Ig loci.
Mouse B-cell lymphomas often rearrange or amplify the c-myc oncogene, resulting in high levels of c-myc expression that contribute to transformation (36) (37) (38) . This seems not to be the case for CP lymphomas because only one tumor, CP166, had a translocation involving chr 15 that bears the c-myc locus. To confirm that c-myc overexpression was not a key factor during lymphomagenesis in CP mice, we performed Northern blotting on RNA from selected CP tumors. High levels of c-myc transcripts were not detected (Fig. 4C) , indicating that other, unknown mechanisms promote transformation of CP B cells.
Discussion
Here we show that specific inactivation of the p53 tumor suppressor gene in mature B cells is sufficient to promote oncogenic transformation and results in the development of splenic mature B-cell lymphomas. By histopathologic criteria, several CP B-cell tumors resemble murine splenic marginal zone lymphomas (SMZL), with some cases showing a more aggressive phenotype consistent with diffuse large B-cell lymphomas characteristic of high-grade MZL in mouse (33) . Indeed, a previous study identified the prevalent B-cell tumor in germ-line p53 knockout mice as SMZL and found progression from marginal zone hyperplasia to invasive lymphomas composed of more pleomorphic cells (8) . More recently, it was found that mice with an altered first exon resulting in B cell-specific deletion of p53 also developed SMZL (34) . These studies, however, were limited to histological analyses and did not examine cytological abnormalities nor determine the cellular origin of the tumors. Nonetheless, the combined results of these studies clearly indicate that, at least in mice, splenic marginal zone B cells are uniquely sensitive to the transforming effects of p53 deficiency.
We found that all CP B-cell tumors were IgM + and that only one exhibited somatic hypermutation, indicating that their cell of origin was a mature B cell that had not passaged the germinal center or undergone CSR. Accordingly, CP tumors lacked clonal translocations involving Ig loci or the c-myc oncogene, which are believed to originate from mistakes in rejoining DSBs generated during CSR and SHM (16, 17) . These results are in keeping with the fact that splenic marginal zone B cells are almost universally IgM-positive with BCRs enriched for germ-line sequences (39) .
Given that half of the CP mice analyzed had been immunized to stimulate T cell-dependent immune responses, our results suggest that naive B cells are better targets for transformation induced by p53 deficiency in the absence of other deficiencies, such as C-NHEJ deficiency. Because p53-dependent responses have been shown to be reduced during the GC reaction by BCL6 (40) , it is possible that other p53-independent mechanisms are operational in cells undergoing CSR and SHM to safeguard genomic stability. A previous study used mb1-Cre to delete p53 from early developing B cells and showed that this resulted in generation of tumors from multiple stages of B-cell differentiation including pro-B cells and mature B cells (41) . In contrast to our results, a subset of mice from this earlier study developed IgM-negative B-cell lymphomas with S region rearrangements and T(12;15) translocations. Given that mb1-Cre-mediated deletion of p53 takes place at the progenitor B-cell stage, the precise origin of these tumors remains unclear. Moreover, the exact nature of T(12;15) translocations in tumors that derived from mb1-Cre deletion of p53 were not determined, and it is possible that they originated from V(D)J recombination breaks at the IgH locus that persisted from the pro-B-cell stage. Alternatively, lack of p53 from early B-cell development could have favored accumulation of other mutations, which in turn allowed survival of cells carrying IgH/c-myc translocations. It is also possible that development of mb1-Cre-deleted p53-deficient tumors that appear to derive from B cells undergoing CSR was influenced by other factors, including differences in the housing conditions of the experimental animals, resulting in exposure to different types of antigens, and potential differences between the genetic backgrounds of the experimental animals.
Clonal translocations, even those not involving Ig loci, were present in all but one of the CP tumors as well as in many of the IgM + tumors from mb1-Cre-deleted p53-deficient mice (41). These translocations were not recurrent and involved different chromosomes in each tumor. Moreover, most of the tumors carried multiple, sometimes complex translocations, which that made it most unlikely that any single oncogenic event was responsible for transformation of CP B cells. Such high frequency of translocations in CP B-cell tumors may reflect a propensity of B cells to tolerate high levels of DSBs. Indeed, recent work from our laboratory suggests that translocations in activated cycling B cells are more frequent than in G1-arrested pro-B-cell lines (42, 43) . However, metaphases from p53-deficient splenic B cells stimulated in vitro to undergo CSR do not show high levels of chromosomal breaks and translocations, suggesting the activity of other checkpoint mechanisms (44, 45) . It is possible that splenic B cells activated in vitro are not representative of the population of B cells from which CP tumors arise in vivo. An alternative, nonexclusive explanation is that p53 deficiency in B cells allows accumulation of oncogenic translocations that occur at very low levels because of a defective apoptotic response. Indeed, a specific increase in oncogenic IgH/c-myc translocations can be detected in p53-deficient cultured splenic B cells (26) . Moreover, evidence suggests that the proapoptotic functions of p53 are responsible for protecting against B-cell lymphoma development, whereas its cell-cycle arrest functions are more important for suppression of T-cell lymphomas, which lack clonal translocations (6) .
Given that organization and function of primary and secondary lymphoid organs are significantly different between mice and humans, it is often difficult to compare B-cell malignancies in these species (32) . Indeed, only few CP tumors closely resemble human MZL by histopathologic criteria, with most of them showing a more diffuse pattern. However, for several characteristics, CP tumors might represent a model for human SMZL or other IgM-positive human malignancies, such as Waldenstrom macroglobulinemia. First, somatic p53 inactivation is found in about 20-30% of human SMZL. Moreover, although translocations between oncogenes and Ig loci are present in most human B-cell lymphomas, splenic MZL or Waldenstrom macroglobulinemia most often lack these characteristic aberrations (22) (23) (24) . These tumors usually also carry evidence of SHM (22, 23, 46) , but mouse SMZLs are not hypermutated (33) , again indicating an intrinsic difference between mouse and human B-cell biology. Finally, similarly to human MZL and Waldenstrom macroglobulinemia, which are slowly progressing diseases, CP tumors arise with long latencies, suggesting they may initially develop as indolent disease and become more aggressive after accumulation of additional mutations. 
Materials and Methods
Generation of CP and CH Mice. CD21-Cre, H2AX F/F , and p53 F/F mice have been previously described (9, 27, 47) . Because the CD21-Cre transgene deletes nonspecifically more in the female than in the male germ line, CD21-Cre/ H2AX F/F or CD21-Cre/p53 F/F males were crossed with H2AX F/F and p53 At least 10 metaphases were analyzed per each sample. Clonal translocations (tr.) are present in more than 50% of metaphases analyzed; nonclonal translocation are present in less than 50% of metaphases analyzed. ND, not done.
